Aerosol measurements in the IR: from limb to nadir?
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Abstract: Vertical profiles of aerosol concentration have been derived from the ATMOS solar occultation
dataset. The EOS instrument TES has motivated studies of the feasibility of quantifying aerosols in nadir and
limb emission measurements.

OCIS codes: (010.1100, 280.1100 ) Aerosol detection; (290.1090) Aerosol and cloud effects

1. Introduction

Knowledge of the composition and global distribution of aerosols is needed to improve our understanding of aerosol
direct effects on Earth’s radiation balance and indirect effects on cloud microphysics and precipitation [1]. Aerosols
are also thought to play an important role in heterogeneous chemistry, effecting ozone concentrations [2]. More
information about the global distribution and composition of aerosols is essential for making an assessment and
prediction concerning the impact of human activities on a global basis. Remote sensing instruments are becoming
widely discussed as a source of global aerosol information [3-5].

A methodology to retrieve vertical profiles of aerosol loading and composition from high spectral resolution
infrared solar occultation measurements is presented and a study of the feasibility to retrieve aerosol characteristics
from emission measurements is discussed.

The wavelength dependent aerosol extinction in the 800 to 1250 cm™ region has been derived from ATMOS
high spectral resolution infrared transmission measurements. Using models of aerosol and cloud extinction,
weighted nonlinear least squares fitting was performed to determine the aerosol volume columns and vertical
profiles of stratospheric sulfate aerosol. Modeled extinction from an aerosol modeled as 75% H,SO, acid shows
excellent agreement with the measurements, and the derived aecrosol volumes for 1992 measurements are consistent
with other measurements after the eruption of Mt. Pinatubo.

Instruments that are currently under construction such as the Tropospheric Emission Spectrometer (TES) of
NASA's Aura satellite will also be making measurement in the thermal infrared region with very high spectral
resolution. Although the radiative transfer problem is more complex, there is some potential for aerosol
characterization from these measurements. Sensitivity studies are being conducted and current results suggest that
aerosol optical depths greater than 0.01 will be detectable.

2. ATMOS results

ATMOS is a high resolution interferometer that made measurements from 2.2 to 16 pwm with a resolution of 0.01
cm’'. The ATMOS data set was collected from the Space Shuttle in four missions, with data collection lasting from
24 hours to 11 days in 1985, 1992, 1993, and 1994. Approximately 350 occultations, each containing 50 to 100
spectra, are available. During a single occultation, spectra are collected through one of six optical bandpass filters
which are 600 to 1600 cm™ wide. These measurements of transmission at high spectral resolution will be used to
study aerosol characteristics.

The term continua spectra, K., will refer to the frequency dependent spectra of continua absorption which is
attributed to aerosol. The continua absorption is the residual after accounting for discrete line absorption by
atmospheric gases (including absorption in the far wings of pressure broadened lines and pressure induced
absorption by N, and O,) and broadly absorbing gases such as CFCs.

The transmission of solar radiation at a frequency, v, through an atmosphere containing gases, 7, with absorption
coefficients, xj and number density of the gas, g;, and aerosols of i types along optical slant path x, is given by:

T(v) = expl-Y, {[x,(v,x)g,(1)dx} 1% K., (V) (1)



We have developed a method to obtain the continua spectra from high spectral resolution transmission
measurements. The spectrum is divided into 2 cm™ intervals that are treated individually. Trace gases within each
window are retrieved independently and the continuum level and its associated error are determined for each interval
across the spectrum. The errors in the continuum are a reflection of the ability to account for all gas absorption in the
window and are determined by the covariance matrix in the fitting of the trace gases.

Figure 1 is an illustration of a continuum spectrum from 1992 and the best fit acrosol models. This measurement
shows evidence of the increase in stratospheric sulfuric acid (SSA) after the eruption of Mt. Pinatubo in 1991. The
slant column associated with the best fit is reported in Figure 1.
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Fig. 1. Continuua spectra and best fit acrosol model of sulfuric acid (solid line) with a composition of 75%
H,S0,4 by weight.

An occultation measurement consists of a series of spectra that are taken during local sunrise or sunset, and the
spectra are identified by the tangent height of the optical path above the Earth. In satellite occultation measurements,
the geometric slant path distances, dx, are heavily weighted to altitudes near the tangent altitude and a single
spectrum cannot be used to derive the vertical profile of g;(x) or Ny{x). Using an assumed vertical profile, nonlinear
least squares fitting is performed to find the slant column abundance from each spectra in an occultation. The set of
slant columns and the matrix of slant path distances are inverted with a linear equation solver to yield a vertical
profile of the aerosol concentration or gas volume mixing ratios. The fitting and inversion processes are then
repeated using the retrieved vertical profile as the initial guess.

An illustration of a retrieved vertical profile of aerosol volume for an ATMOS measurement from 1992 is
provided in Figure 2. The vertical profiles of SSA shown in Figure 2 shows a peak in the concentration of SSA of
about 2.0 pm’ cm™) consistent with reports of the aerosol volume shortly after the eruption of Mt. Pinatubo and the
decay of the aerosol layer in the following years [6].
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Fig. 2. Aerosol slant columns and vertical profile of stratospheric sulfuric acid aerosol from ATMOS
measurements.



3. Tropospheric Emission Spectrometer (TES)

TES will acquire high resolution infrared spectra of the naturally occurring infrared emission from the Earth’s
atmosphere. The instrument is a Fourier Transform spectrometer that measures spectral radiance in the 650 - 3050
cm™ (3.3 - 15.4 pm) spectral range with a spectral resolution of 0.1 cm™ (nadir viewing) or 0.025 cm™ (limb
viewing). Spectra with 0.1 cm™ and 0.025 cm™' resolution are acquired in 4 s and 16 s respectively. High spectral
resolution and broad spectral coverage are essential for measuring the key atmospheric species over the 0 to 30 km
altitude range that TES observes. It also allows a comprehensive survey of the entire suite of molecules found in the
troposphere and lower stratosphere. The high spectral resolution minimizes detection interference between species
and insures that high vertical resolution is maintained over the observed altitude range.

Although TES was developed with high spectral resolution so that vertical sounding of gases could be
performed, the high spectral resolution is also favorable for the characterization of aerosol. If the gas signal can be
accounted for accurately, spectrally dependent aerosol signatures can also be revealed. The radiative transfer for
thermal emission measurements including scatterers is more complex that the transmission measurements of
ATMOS, but adequate models are available.

Some analysis of nadir sounding data has been performed to study clouds [7,8] and stratospheric sulfuric acid
after the eruption of Mt. Pinatibo [9]. These analyses rely on small sets of frequencies and use the ratio of
emissivities or brightness temperatures to characterize the clouds or aerosols. We are proposing a method that would
use more frequencies in the window region, allowing for greater discrimination between aerosol compositions.
Calculations have been carried out to examine the sensitivity of nadir emission measurements to stratospheric
sulfuric acid aerosol, tropospheric dust (see Figure 3), and cirrus clouds. These calculations show that the radiance
differences in the window region of 800 to 1000 cm™ are on the order of 5x10® W cm™sr”' cm for optical depths of
0.01. The spectral dependence of the radiance differences is material dependent. The sensitivity of TES and
approaches for characterizing aerosols will be discussed.

1 em) x10

sr cm,

-2

radiance difference (W cm
&
&
i
H
R |
—t
i
i
H
i
i
: ]
i
H
o——
g
—ee—
H
H
i
i
i

40 t L 1 1 1 1 L L 1 i L 1
800 850 900 950 1000

wavenumber (cm ')
Fig. 3. Calculated radiance difference between a no aerosol case and a case with tropospheric dust with an optical depth of
0.01. The TES NESR is shown as a dotted line.
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